Abstract. Pneumonia is a lower respiratory tract infection that causes dramatic mortality worldwide. The present study aimed to investigate the pathogenesis of pneumonia and identify microRNA (miRNA) biomarkers as candidates for targeted therapy. RNA from the peripheral blood plasma of participants with pneumonia (severe, n=9; non-severe, n=9) and controls (n=9) was isolated and paired-end sequencing was performed on an Illumina HiSeq4000 system. Following the processing of raw reads, the sequences were aligned against the Genome Reference Consortium human genome assembly 38 reference genome using Bowtie2 software. Reads per kilobase of transcript per million mapped read values were obtained and the limma software package was used to identify differentially expressed miRNAs (DE-miRs). Then, DE-miR targets were predicted and subjected to enrichment analysis. In addition, a protein-protein interaction (PPI) network of the predicted targets was constructed. This analysis identified 11 key DE-miRs in pneumonia samples, including 6 upregulated miRNAs (including hsa-miR-34a and hsa-miR-455) and 5 downregulated miRNAs (including hsa-let-7f-1). All DE-miRs kept their upregulation/downregulation pattern in the control, non-severe pneumonia and severe pneumonia samples. Predicted target genes of DE-miRs in the subjects with non-severe pneumonia vs. the control and the subjects with severe pneumonia vs. the non-severe pneumonia group were markedly enriched in the adherens junction and Wnt signaling pathways. KALRN, Ras homolog family member A (RHOA), β-catenin (CTNNB1), RNA polymerase II subunit K (POLR2K) and amyloid precursor protein (APP) were determined to encode crucial proteins in the PPI network constructed. KALRN was predicted to be a target of hsa-mir-200b, while RHOA, CTNNB1, POLR2K and APP were predicted targets of hsa-let-7f-1. The results of the present study demonstrated that hsa-let-7f-1 may serve a role in the development of cancer and the Notch signaling pathway. Conversely, hsa-miR-455 may be an inhibitor of pneumonia pathogenesis. Furthermore, hsa-miR-200b might promote pneumonia via targeting KALRN.
Introduction
Lower respiratory tract infections (LRTIs), including pneumonia, are a primary cause of infection-based mortalities. The World Health Organization estimates, that ~3,500,000 mortalities are caused by this infection annually (1) . Community-acquired pneumonia (CAP) is a severe type of pneumonia that typically requires hospitalization. CAP is a primary factor for adult mortality, and for those who survive, mortality in the following years remains high (2, 3) . Among adolescents, it is estimated that pneumonia accounts for 15% of mortalities worldwide (4) . Although the occurrence of childhood pneumonia has been reduced, the decline has been small. Reportedly, ~950,000 individuals <5 years old succumbed to pneumonia in 2013 (5) .
Severe pneumonia requires treatment in an intensive care unit. Viral infection is a primary factor for the mortality of patients with severe pneumonia (6) and a number of viruses, such as the respiratory syncytial virus, have been identified in infants and children with severe pneumonia (7) . Although vaccines against viruses, including Haemophilus influenzae type b and Streptococcus pneumoniae, have been introduced in numerous locations, achieving sufficient coverage in developed countries remains a challenge (5) . Therefore, it is important to develop novel and improved methods of diagnosing and treating patients with pneumonia.
Targeted therapy has been widely used for the management of numerous types of cancer and diseases. A previous study reported that the plasminogen activator inhibitor-1 gene 4G/5G polymorphism may be used as a marker for the diagnosis of Identification of miRNA biomarkers of pneumonia using RNA-sequencing and bioinformatics analysis SAI severe pneumonia (8) . Elevated levels of procalcitonin and C-reactive protein are positively correlated with the severity of CAP (9) . MicroRNAs (miRNAs or miRs) are non-coding RNAs of ≤200 base pairs in length that can regulate gene expression at transcriptional or post-transcriptional levels, influencing cellular activities and disease progression (10) . Few miRNAs have been detected in the pathogenesis of pneumonia. Abd-El-Fattah et al (11) demonstrated that miR-155, miR-21 and miR-197 were markedly increased in patients with lung cancer or pneumonia. Another previous study, using miRNA microarray data from patients with severe pneumonia infected with the influenza A subtype H1N1, identified a number of differentially expressed miRNAs (DE-miRs; upregulated, hsa-miR-374a, hsa-miR-875-5p, hsa-miR-342-3p, hsa-miR-150 and hsa-miR-15b; downregulated, hsa-miR-29c, hsa-miR-1247 and hsa-miR-1233) in patients with severe pneumonia, compared with patients with non-severe pneumonia or healthy controls. In addition, upregulated miRNAs that associated with severe pneumonia primarily affect transforming growth factor-, apoptosis and Wnt/β-catenin signaling pathways (12) . Despite these discoveries, the targets of these DE-miRs, and their target's function and potential interactions, remain unknown. RNA-sequencing (RNA-seq) has been successfully used to detect gene alterations, gene-fusions and somatic mutations, and is a markedly more precise method for the detection of the transcripts compared with other methods (13, 14) . The present study utilized RNA-seq to detect miRNA expression in patients with severe pneumonia, patients with non-severe pneumonia and healthy controls. The results of these groups were compared to identify DE-miRs. In addition, target genes of these DE-miRs were predicted and put through enrichment analysis. Furthermore, a protein-protein interaction (PPI) network of the predicted targets was constructed to investigate the potential regulatory relationships of them at the protein level. Through these comprehensive bioinformatics analyses, the present study aimed to explore the pathogenesis of pneumonia and identify important miRNA therapeutic targets.
Materials and methods
Sample collection. Three types of samples were collected in the present study: Patients with severe pneumonia (severe sample: n=9; mean age, 65.2±11.9 years; all male), non-severe pneumonia (non-severe sample: n=9; mean age, 21.3±2.7 years; all male) and healthy individuals (controls: n=9; mean age, 19.6±2.2 years; all male). The patients were hospitalized at the People's Liberation Army General Hospital (PLA; Beijing, China) between June and December 2013. The average duration of stay in the hospital was 18.2 days in the severe group and 14.6 days in the non-severe group. Severe pneumonia was diagnosed if one or more of the following conditions, based on the previously described CAP guidelines (15), was present: i) Disturbance of consciousness; ii) respiratory rate ≥30 breaths/min; iii) PaO 2 <60 mmHg, PaO 2 /FiO 2 <300 mmHg, with mechanical ventilation required; vi) systolic arterial pressure <90 mmHg; v) complications related to septic shock; vi) chest X-ray showing bilateral lung involvement or lung lesion expansion of ≥50% within 48 h following hospitalization; and vii) oliguria, urine volume <20 or >80 ml/h, or acute renal failure requiring dialysis. The present study was approved by the Medical Ethics Committee of the PLA General Hospital and all participants gave informed consent.
RNA isolation and sequencing. Total RNA in the peripheral blood plasma was isolated using the mirVan miRNA Isolation kit (Ambion; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and purified using the miRNeasy Mini kit (Qiagen, GmbH, Hilden, Germany), according to the manufacturer's instructions. Then, the isolated RNA was quantified using a spectrophotometer (NanoDrop, Thermo Fisher Scientific, Inc., Wilmington, DE, USA). Purified RNA was frozen with dry ice and stored at -80˚C until required.
As the quantity of RNA extracted was relatively low, the nine patients within each group (severe pneumonia, non-severe pneumonia and control) were randomly divided into three sub-groups. Within each subgroup, the three patients' RNAs were mixed equally and used as one sample for sequencing. Therefore, there were three samples from each group [severe pneumonia (WLL1, WLL2 and WLL3), non-severe pneumonia (WLL4, WLL5 and WLL6) and the control (WLL7, WLL8 and WLL9)].
Following extraction and purification, an RNA library was constructed using the NEBNext Ultra RNA Library Prep kit for Illumina (New England Biolabs, Inc., Ipswich, MA, USA) based on the manufacturer's instructions. In brief, four steps were performed: i) Total RNA (1 µg) was sheared into fragments (200-500 nucleotides) in the NEBNext First Strand Synthesis Reaction Buffer and the fragments were utilized to generate the double-stranded cDNA; ii) the cDNA was end-repaired and ligated with Illumina-specific adaptors; iii) size selection of the library was performed using 200 bp inserts to select suitable fragments for polymerase chain reaction (PCR) amplification; iv) PCR was performed using Phusion High-Fidelity DNA polymerase (New England Biolabs, cat. no. F-530S) and the products were purified with a QIAquick Nucleotide Removal kit (Qiagen, no. 28304). The constructed RNA library was sequenced on an Illumina HiSeq 4000 system using 2x50 base pairs paired-end sequencing.
Processing of the sequencing data. FASTX-Toolkit software (ver. 0.0.13, http://hannonlab.cshl.edu/fastx_toolkit) was used to remove the 3' adaptor primer from the raw read. In addition, bases with a quality score <20 were eliminated. If 30% of bases in a sequence were eliminated, the entire sequence was discarded and did not undergo further analysis.
Identification of DE-miRs.
Following processing, the remaining reads were aligned to the Genome Reference Consortium human genome assembly 38 (GRCH38) reference genome using Bowtie2 software (version 2.1.0, www.sourceforge.net/projects/bowtie-bio/files/bowtie2). In the alignment, each read was allowed ≤8 base mismatches and only reads with a quality score >60 were retained. In addition, considering RNA splicing, the length of reads was not taken into account as a restriction when performing the alignment.
The latest (June 2016) human miRNA sequences and their locations were downloaded from the miRbase database (16) and the aligned sequences of each miRNA counted using perl programing, written by the present authors. The total quantity of each miRNA in each sample was used to calculate the number of mapped reads per kilobase per million reads (RPKM), which were normalized using DESeq software (version 1.24.0; www. bioconductor.org/packages/release/bioc/html/DESeq.html). Then, DE-miRs were selected based on un-paired t-tests in limma (version 3.22.7; www.bioconductor.org/packages/3.0/ bioc/html/limma.html) (17), followed by adjustment using the Benjamini-Hochberg method (18) . The adjusted P-value was deemed to be the false discovery rate (FDR). The cut-off for DE-miRs between different types of samples (non-severe vs. control; severe vs. non-severe) was a log 2 fold-change (FC) >1 and FDR <0.5. Afterwards, a Venn diagram was delineated to identify the overlapped DE-miRs in the two comparisons and their expression trends in the three different types of samples were portrayed. Two-way hierarchical cluster analysis was performed to present the expression of DE-miRs in the three types of samples.
DE-miR target prediction.
Gene sequences of GRCH38 reference genome corresponding to the DE-miRs were downloaded. miRanda software (ver. 1.0, www.microrna.org) (19) was used to predict target genes of these DE-miRs. Efficiency of the microRNA target sites predicted by this software was scored and ranked by the mirSVR algorithm. The mirSVR score reflects the empirical probability that a gene is downregulated by a specific microRNA (20) . As each DE-miR had multiple targets, only genes with a mirSVR score <-1.2 were considered to be targets.
Enrichment analysis of the predicted targets. Gene ontology (GO; www. geneontology.org) (21) and Kyoto Encyclopedia of Genes and Genomes (KEGG; www. genome.jp/kegg/pathway.html) (22) enrichment analyses were performed using the Database for Annotation, Visualization and Integration Discovery (DAVID; version 6.7; https://david.ncifcrf.gov) (23) . Pathway enrichment analysis of targets was conducted using clusterProfiler software (ver. 2.8, www.bioconductor.org/packages/2.8/bioc/html/ clusterProfiler.html) (24) . Function and pathways of the reference species were deposited in the GO and KEGG databases. Fisher's exact test was used for statistical analysis and the threshold for significant function and pathway categories of the target genes was P<0.05, compared with those of the reference species.
Construction of PPI networks. To identify potential regulatory relationships of targets of the DE-miRs at protein level, the Search Tool for the Retrieval of Interacting Genes (STRING; ver. 10.0; www.string-db.org) database (25) was used to build PPI networks of the targets. DEGs with a combined score >0.9 were entered into the STRING database. PPI networks were visualized using the Cytoscape software (ver. 3.1.0; www.cytoscape.org) (26) . A node in the network is defined as an encoded protein of a target gene and the nodal degree represents the linked gene numbers of this node. In addition, a literature search was conducted to identify reports of interactions between these targets. The key search terms used were the name of the specific target gene and the gene that linked to it. These were: ʻCTNNB1' AND 'CRBE', or 'CTNNB1' AND 'FOXO1', OR 'CTNNB1' AND 'XPO1ʼ.
Results

Identification of DE-miRs.
Under the inclusion criteria of log 2 FC >1 and FDR <0.05, a total of 237 DE-miRs were identified. From the comparison of the non-severe and control groups, there were 52 upregulated and 63 downregulated miRNAs, whereas following the comparison of the severe and non-severe groups, there were 54 upregulated and 68 downregulated miRNAs (Fig. 1) . Venn analysis identified 11 overlapping DE-miRs from both comparisons, of which 6 were upregulated (hsa-miR-200b, hsa-miR-483, hsa-miR-34a, hsa-miR-193b, hsa-miR-455 and hsa-miR-95), and 5 were downregulated (hsa-miR-3617, hsa-miR-664b, hsa-miR-4485, hsa-miR-3161 and hsa-let-7f-1; Fig. 1 ). Based on this result, the levels of expression of the 11 DE-miRs in the three types of samples were assessed. It was observed that the 6 miRNAs were upregulated and 5 were downregulated. These miRNAs were up and downregulated, respectively, in the pneumonia groups compared with the controls, which may reflect the three phases of pneumonia progression (Fig. 2) . A heat map of the cluster analysis is presented in Fig. 3 , which indicated that the three types of samples could be identified by their differing expression of DE-miRs. Heatmap from clustering analysis of DE-miRs in the plasma of the peripheral blood of the severe pneumonia, non-severe pneumonia and control groups. The x-axis denotes samples and the y-axis denotes miRNA. The Z-score indicates the parameter used for the calculation of miRNA expression based on raw reads. A value of >0 was deemed to indicate upregulation (red) and a value <0 was deemed to indicate downregulation (green). The purple, brown and blue panels at the top of the heat map indicate severe, non-severe and control samples, respectively. DE-miRs, differentially expressed microRNAs. 
Enrichment analysis of the predicted targets of the DE-miRs.
A total of 9,026 targets of the DE-miRs were identified (non-severe pneumonia vs. the control group, 4,498; severe pneumonia vs. non-severe pneumonia, 4,528). Targets of DE-miRs from the comparison of non-severe pneumonia and the control groups were primarily enriched in anatomical structure morphogenesis and metabolism regulation-associated functions (Table I) , and pathways involved in cancer, ubiquitin mediated proteolysis, adherens junction and Wnt signaling (Fig. 4A) . Target genes of DE-miRs from the comparison of the severe pneumonia and non-severe pneumonia groups produced similar results in the enrichment analysis (Table II; Fig. 4B ).
Pathway enrichment of the 11 overlapping DE-miRs.
Following the integration of KEGG pathway analysis of targets of the 11 DE-miRs and their miRNA-target interactions, the enriched pathways of 5 DE-miRs were obtained (Fig. 5) . The miRNA hsa-let-7f-1 was significantly enriched in a number of pathways compared with the reference species in the GO and KEGG databases. These included 'pathways in cancer' (P=0.001), 'basal cell carcinoma' (P=0.002) and 'Notch signaling pathways' (P=0.003); hsa-miR-200b was enriched in 'SNARE interactions in vesicular transport' (P=0.009) and 'basal transcription factors' (P=0.010); hsa-miR-34a was enriched in 'RNA transport' (P=0.018), 'colorectal cancer' (P=0.022), 'leishmaniasis' (P=0.030), 'B cell receptor signaling pathway' (P=0.031) and 'riboflavin metabolism' (P=0.040); hsa-miR-455 was enriched in 'riboflavin metabolism' (P<0.001), 'ascorbate and aldarate metabolism' (P<0.001) and 'drug metabolism-other enzymes' (P<0.001); and hsa-miR-483 was enriched in pathways associated with 'long term depression' (P=0.006), the 'pentose phosphate pathway' (P=0.045) and 'linoleic acid metabolism' (P=0.050).
PPI network of 11 key targets of DE-miRs.
A PPI network of targets of the DE-miRs was constructed (Fig. 6) , as Count indicates the number of genes that were enriched in a specific GO term. GO, gene ontology; DE-miRs, differentially expressed microRNAs. Count indicates number of the identified target genes that were enriched in a specific GO term. GO, gene ontology; DE-miRs, differentially expressed microRNAs.
aforementioned in the methods section. Five predominant protein interactors were identified: Ras homolog family member A (RhoA; degree, 28), β-catenin (CTNNB1; degree, 28), polymerase II subunit K (POLR2K; degree, 20), amyloid precursor protein (APP; degree, 20) and Kalirin, RhoGEF Kinase (KALRN; degree, 15). RHOA, CTNNB1, POLR2K and APP were predicted targets of hsa-let-7f-1.
Discussion
In the present study, 11 key DE-miRs were identified in pneumonia, including 6 upregulated miRNAs (including hsa-miR-200b and hsa-miR-455) and 5 downregulated miRNAs (including hsa-let-7f-1). Notably, these 11 miRNAs kept their upregulation/downregulation expression pattern in the three types of samples, which may reflect the three phases of pneumonia development. Enrichment analysis indicated that the target genes of DE-miRs identified from comparisons of non-severe pneumonia and the control, and severe pneumonia and non-severe pneumonia were highly associated with functions in the 'adherens junction' and 'Wnt signaling pathway'. In addition, KALRN, RhoA, CTNNB1, POLR2K and APP were determined to be crucial nodes in the PPI network of targets of the DE-miRs. KALRN was predicted as a target of hsa-miR-200b, while RHOA, CTNNB1, POLR2K and APP were predicted targets of hsa-let-7f-1. miRNAs in the let-7 family function as regulators of cell proliferation. let-7 acts as an inhibitor during the development of lung cancer, indicating that its downregulation facilitates cell proliferation (27) . In mice, let-7b and let-7c have been identified as important miRNAs in the lung restoration at the late stage of influenza pneumonia (27) . In human non-small Figure 4 . Enrichment analysis of key DE-miR target genes from comparisons of (A) non-severe pneumonia and control groups, and (B) severe and non-severe pneumonia groups. DE-miR, differentially expressed microRNA. -log10(P-value) represents the significance of the enriched pathway and was used to quantify and present the results more clearly. P-values were calculated following pathway enrichment and P<0.05 was identified as the threshold for significant pathway selection.
cell lung cancer (NSCLC), hsa-let-7c inhibits tumor metastasis and invasion via targeting the transcripts encoding integrin 3 and mitogen-activated protein kinase 3 (28) . Previous studies have demonstrated that let-7 family members are involved in many carcinogenic pathways, including the Notch signaling pathway, which is associated with a number of diseases in humans (29, 30) . In the present study, hsa-let-7f-1 was found to be downregulated in pneumonia. Compared with the reference pathways in the reference species, this miRNA was significantly enriched in 'pathways in cancer' and the 'Notch signaling pathway', suggesting that let-7f-1 could function in these signaling pathways to regulate the progression of pneumonia. Downregulation of hsa-let-7f-1 may facilitate the invasion and metastasis of pneumonia-associated pathogens into lung epithelial cells, or reduce lung damage repair functions.
RhoA belongs to the Rho family, whose members are small guanosine-5'-triphosphate phosphatases and serve as molecular switches in signal transduction cascades. Overexpression of RhoA is associated with tumor cell proliferation and metastasis (31, 32) . In antecedent influenza, Staphylococcus aureus strains are typically the cause of invasive infections, including pneumonia (33) . A conserved surface protein of S. aureus, SpA (protein A), is overexpressed in the early stages of bacterial growth. Previous experiments in models of pneumonia have indicated that SpA activates the RhoA/Rho-associated protein kinase/myosin light chain protein signaling cascade, which results in contraction of the epithelial cytoskeleton that facilitates translocation via the paracellular junctions of the mucosal epithelium (34) . Pseudomonas aeruginosa induces severe pneumonia and its type III secretion system facilitates the spread of this bacteria (35) . A previous study in bovine pulmonary artery endothelial cells demonstrated that ExoS and ExoT, type III cytotoxins of P. aeruginosa, are responsible for increased vascular permeability in the lungs, through the activation of the RhoA signaling pathway (35) . In the present study, RhoA was predicted as a target of hsa-let-7f-1, which was downregulated in pneumonia samples. These results suggest that the downregulation of hsa-let-7f-1 may induce the upregulation of RHO, activating the RhoA signaling pathway, thus increasing vascular permeability of the lungs and leading to pneumonia.
POLR2K encodes the smallest subunit of RNA polymerases II, which is the common subunit of three RNA polymerases (36) . A previous study speculated that upregulation of POLR2K may facilitate the assembly of polymerase III, thus contributing to cell proliferation and cancer development (36) . APP encodes a transmembrane precursor protein that is cleaved into peptides by secretases. In NSCLC, alternative splicing events influence the expression of AAP (37) . In other types of cancer, increased expression of APP is associated with cell proliferation and tumorigenesis (38, 39) . CTNNB1 encodes a protein that is a key downstream component of the Wnt signaling pathway (40) . CTNNB1 is associated with cadherin-mediated cell-cell adhesion systems and has been suggested as a biomarker for NSCLC prognosis (41) . However, to the best of our knowledge, no studies investigating the association between POLR2K/CTNNB1/APP and pneumonia have been performed. In the present study, POLR2K, CTNNB1 and APP were downregulated in pneumonia and identified as targets of hsa-let-7f-1. In addition, their resulting proteins were functionally enriched in adherens junction and Wnt signaling pathways. These results suggest that POLR2K, CTNNB1 and APP, regulated by hsa-let-7f-1, regulate pneumonia development through the adherens junction and Wnt signaling pathways.
miR-200b has an important role in lung cancer development; reportedly, aberrant expression of miR-200b in sputum may be used as a diagnostic marker for lung adenocarcinoma and squamouscell carcinoma (42) . In a murine influenza pneumonia model, miR-200b-5p was predicted to be an important miRNA, connecting regulation of gene functions in repair (43) . This suggests that the dysregulation of miR-200b may be a key mediator in pulmonary injury. KALRN encodes the protein kalirin, and decreased kalirin is implicated in the severity of allergic asthma (44) . However, to the best of our knowledge, no current study elucidates the relationship between KALRN and pneumonia. In the present study, miR-200b was upregulated and predicted to target KALRN, suggesting that expression of KALRN may be downregulated by miR-200b, and this downregulation may subsequently promote pneumonia development. A previous study reported that miR-455 suppresses NSCLC by targeting the transcript encoding Zinc finger E-box-binding homeobox 1 (45) . This indicates that upregulation of miR-455 may inhibit the development of pneumonia. However, the specific mechanisms underlying this process need to be further investigated.
In conclusion, the present study identified a number of key DE-miRs, such as hsa-miR-200b, hsa-miR-455 and hsa-let-7f-1 in pneumonia. The results of bioinformatics analysis suggest that hsa-let-7f-1 contributes to the development of pneumonia by affecting cancer and Notch signaling pathways, through targeting and regulating transcripts encoding RhoA, CTNNB1, POLR2K and APP, while miR-200b may promote pneumonia via targeting KALRN. In addition, the results of the present study indicate that hsa-miR-455 may serve as an inhibitor of pneumonia development. Further studies are required to validate these predictive results.
